responses to cholecystokinin (CCK) were studied in Xenopus oocytes injected with mRNA from rabbit pancreas or rat hippocampus. (sulfated form) (CCK-8) elicited inward currents in both groups. In oocytes injected with pancreatic mRNA, CCK-8-induced currents were composed of two components, fast and slow. However, in oocytes injected with hippocampal mRNA, fast currents disappeared. The potency ranking of the agonists and the antagonist indicated that the receptors expressed by pancreatic and hippocampal mRNA were CCKA-and CCKB-subtypes, respectively. Extracellular application of EGTA had little effect on the CCKB-mediated response, but attenuated the CCKA-mediated one. Intracellular injection of EGTA abolished the CCKB-mediated response, whereas small smooth currents remained in oocytes expressing the CCKA-receptor. The reversal potentials of the CCKA-and CCKB-receptor-mediated responses were consistent with that for Cl-currents. However, the reversal potential of the small smooth currents in EGTA-loaded oocytes expressing the CCKA-receptors was close to that for a non-selective cation channel. These results suggest that CCK-8 activates at least two different channels, a Cat+-dependent Cl-channel and a non-selective cation channel in oocytes expressing the CCKA-receptor, while the CCKB-receptor elicits only a Cat+-dependent Cl-channel.
Cholecystokinin (CCK) is a major hormonal regulator of the pancreas and gallbladder and acts as a neurotransmitter in the central and peripheral nerve systems (1, 2). Recent ligand binding and molecular cloning studies have revealed two pharmacologically distinct GTP-binding protein-linked receptor subtypes for CCK: a CCKA-and a CCKB-receptor (3). The CCKA-receptor, distributed mainly in the peripheral organs, has very low affinity for CCK-octapeptide(26-33) (non-sulfated form) (CCK-8(NS)), CCK-tetrapeptide (CCK-4) and gastrin I (Gas-I) (4). In contrast, the CCKB-receptor is widely distributed throughout the brain and has a relatively high affinity for CCK-8(NS), CCK-4 and Gas-I (5). Recently, a number of classes of potent non-peptide antagonists selective for each type of CCK-receptor have been described. L-364,718 and A65186 are selective for the CCKA-receptor (6, 7), whereas PD134308 and L-365,260 are selective for the CCKB-receptor (8, 9).
Much work has been done on the signaling mechanisms linked to CCK-receptors. Both the CCKA-and CCKB-receptors have been shown to be coupled to GTPbinding proteins that activate phospholipase C, breakdown of inositol phospholipids and mobilization of intracellular calcium (10-12). Toescu et al. have reported that CCK and acetylcholine increase the formation of inositol 1,4,5-trisphosphate, while they induce markedly different patterns of cytosolic Ca 21 oscillations in the same isolated pancreatic acinar cells. Acetylcholine induces high frequency sinusoidal oscillations associated with Ca 21 influx. On the other hand, CCK evokes longer lasting discrete transients separated by long intervals, and these low frequency transients persist for many minutes in the absence of extracellular Ca 21 (13). Taken together with the findings that peptide hormone receptors have diverse signaling mechanisms (14, 15), these observations have led to the hypothesis that CCK-receptors possess unknown signal transductions.
Heterologous expression in Xenopus oocytes has been frequently used to study the molecular characterization of receptor-mediated signal transductions (16). In the present study, Xenopus oocytes were injected with mRNAs extracted from rabbit pancreas or rat hippocampus to express the CCKA-and CCKB-receptors, respectively. Their responses to CCK-octapeptide (26) (27) (28) (29) (30) (31) (32) (33) (sulfated form) (CCK-8)-and CCK-related peptides were subsequently examined electrophysiologically to clarify the CCK-receptor-mediated signal transductions.
Materials CCK-8, CCK-8(NS), CCK-4 and Gas-I were purchased from Peptide Institute (Osaka). Caerulein (CLT) was synthesized by solid-phase synthesis, and its purity was confirmed by HPLC and amino acid sequencing. Oligo(dT)-Latex was from Takara Biomedicals (Shiga). Neutral dispase was obtained from Boehringer Mannheim (Tokyo). r-Aminobutyric acid (GABA) and Lglutamate were from Funakoshi (Tokyo). A-65186 (N-[3 quinolinoylcarbonyl]-DGlu-Na, N'-di-n-pentylamide) was generously supplied by Abbott Laboratories (Abbott Park, IL, USA).
Preparation of poly(A)+ mRNA
Pancreas from adult male New Zealand rabbits (SLC, Shizuoka), and hippocampus from adult male SpragueDawley rats (SLC), were manually dissected, frozen immediately on dry ice and stored at -801C. Total RNA was isolated using the guanidine thiocyanate method described by Chirgwin et al. (17) . Poly(A)+ mRNA was purified using oligo(dT)-Latex. It was dissolved in sterile distilled water at a concentration of 1 mg/ml as determined by the absorbance at 260 nm. Oocyte isolation and microinjection Oocytes were prepared as described previously (18). Oocytes were removed from the ovarian lobes of Xenopus laevis and kept in modified Barth's solution (MBS: 88 mM NaCI, 1 mM KCI, 2.4 mM NaHCO3i 0.82 mM MgSO4, 0.33 mM Ca(N03)2, 0.91 mM CaC12, 10 MM HEPES buffer, 2.5 mM Na-pyruvate, 1 % streptomycin and 0.707o penicillin, pH 7.4). Defolliculation was carried out by incubating the oocytes for 1 hr in Ca 2+-free MBS containing 1.5 mg/ml neutral dispase. Next, stage 5 -6 oocytes were selected in MBS and microinjected with 50 ng of poly(A)+ mRNA extracted from rat hippocampus or rabbit pancreas in 50 nl water. After 48 hr, electrophysiological recording was carried out using a conventional two-electrode voltage clamp technique with microelectrodes filled with 3 M KCl (19). Oocytes were placed in a chamber continuously superfused (flow rate: 4-5 ml/min) with an amphibian Ringer's solution (96 mM NaCl, 2 mM KC1, 1.8 mM CaC12i 5 mM HEPES buffer, pH 7.5) or a Ca2+-free amphibian Ringer's solution (an amphibian Ringer's solution + 2 mM EGTA) and clamped at a holding potential of -60 mV according to the method described by Kushner et al. (20) . Effects of CCK-8 on pancreatic and hippocampal mRNA -injected oocytes CCK-8 even at 10-6 M had no effect on the basal level of the clamp current in non-or vehicle-injected Xenopus oocytes (data not shown, n=30). This result indicates that there are few endogenous CCK-receptors on the membrane of Xenopus oocytes. After the incubation at 201C for 2 -5 days, CCK-8-induced inward currents were detected in both oocytes injected with pancreatic and hippocampal mRNA (Fig. 1) .
In oocytes injected with the rabbit pancreatic mRNA, repeated application of CCK-8 (10-6 M) every 10 min at least four times induced reproducible inward currents with the same peak amplitude as that following the first application (data not shown). In the cases of oocytes injected with rat hippocampal mRNA, the second application of CCK-8 (10-6 M) strongly attenuated the CCK-8 (10-6 M)-induced inward currents after 10 min of washing. However, these inward currents were not desensitized after an interval of 40 min (data not shown). Thus, CCK and CCK-related peptides were repeatedly applied at intervals of more than 40 min to the same oocyte.
In oocytes injected with rabbit pancreatic mRNA, CCK-8 induced inward currents in a concentrationdependent manner. The peak amplitude of these currents could be observed at 10-7 M (Fig. 1A) . The threshold for activation of the expressed CCK receptors was between 10-9 and 10-8 M (Fig. 1: A-2) . Interestingly, the inward currents consisted of two distinct components, a rapid transient depolarizing current (first component) followed by a slow phase of current with a relatively low amplitude (second component) (Fig. 1: A-3 and A-4) . GABA (10-3 M) or L-glutamate (10-5 M) had little effect in pancreatic mRNA-injected oocytes (data not shown, n=10). In contrast, in oocytes injected with hippocampal mRNA, CCK-8 did not induce any early fast inward currents but induced longer-lasting slow inward currents with large superimposed inward current fluctuations dose-dependently (Fig. 1B) . The maximum and minimum effective concentrations of CCK-8 were 10' and 10-9 M, respectively (Fig. 1B) . Application of GABA (10-3 M), L-glutamate (10-5 M) or bombesin (10-6 M) also induced inward currents in injected oocytes (data not shown, n=10).
Effects of CCK-related peptides and a non peptide CCK receptor antagonist on pancreatic and hippocampal mRNA -injected oocytes
We next examined the effects of CCK-related peptides and a non-peptide CCK-receptor antagonist on pancreatic and hippocampal mRNA-injected oocytes to determine which subtypes of CCK-receptors could contribute to CCK-8-induced responses. In oocytes injected with rabbit pancreatic mRNA, CLT (10-' M) was as potent as CCK-8 (10-' M) for inducing inward currents, while CCKBreceptor agonists, CCK-4, CCK-8(NS) and Gas-I had little effect even at 10-6 M ( Fig. 2A) . Moreover, a selective CCKA-receptor antagonist, A65186 (10-10 M), which was applied just before the second application of CCK-8 (10-6 M), completely abolished the CCK-8-induced inward currents (Fig. 3A) .
In oocytes injected with hippocampal mRNA, significant responses to CCK-4 (10-' M), CCK-8(NS) (10-' M) and Gas-I (10-' M) were observed, but they were about 100 times less potent than CCK-8 or CLT (Fig. 2B) . A65186 (10-6 M) did not affect the CCK-8 (10-' M)-induced inward currents (Fig. 3B) . These results demonstrate that CCK elicits inward currents in oocytes injected with pancreatic and hippocampal mRNA via CCKA-and CCKB-receptors, respectively.
Effects of lowering extra-or intracellular Ca2+ concentration on CCK-8-induced responses
We next investigated the dependence of the CCK-8-induced responses on intracellular and extracellular Ca 21 concentration. In oocytes injected with rabbit pancreatic mRNA, application of a Ca2+-free amphibian Ringer's solution (an amphibian Ringer's solution with 2 mM EGTA) significantly diminished the CCK-8 (10-'M)-induced inward currents (Fig. 4: A-2) . EGTA solution (50 nl, 1 mM EGTA and 150 mM KC1) was injected into pancreatic mRNA-injected oocytes 30 min prior to application of CCK-8 (10-'M).
This inhibited the CCK-8
(10' M)-induced inward currents, especially the initial peak depolarizing current, but did not affect the small smooth inward currents (Fig. 4: A-3) . Application of a Ca2+-free amphibian Ringer's solution abolished the small smooth inward currents (data not shown). In the case of hippocampal mRNA-injected oocytes, application of a Ca2+-free amphibian Ringer's solution had little effect on the CCK-8 (10-'M)-induced inward currents (Fig. 4 : B-2), but EGTA injection completely abolished them (Fig. 4: B-3 ). Further application of GABA (10-3 M) to the EGTA-injected oocytes produced inward currents similar to those shown by oocytes not injected with EGTA (data not shown). Thus, the EGTA-injected oocytes could display ligand-gated ion channel responses to GABA-receptor activation, but not the intracellular Ca 2+-dependent responses.
Reversal potential of CCK-8-induced responses in pancreatic and hippocampal mRNA-injected oocytes
The current voltage relationship of the CCK-8-induced responses were examined by briefly stepping the clamp potential to different voltage steps (from -60 to 10 mV over 2 sec) during the responses and subtracting the current pulses recorded in the resting membrane. The reversal potentials of the CCK-8-induced inward currents were -15 .8±0.5 (n=10) and -16.3±0.4 mV (n=8) in pancreatic and hippocampal mRNA-injected oocytes, respectively. These values are close to the reversal potential of a Ca2+-dependent C1-channel in Xenopus oocytes (21) . In contrast, the reversal potential of the smooth inward currents in EGTA-loaded oocytes injected with rabbit pancreatic mRNA was -2.8 ± 0.4 m V (n = 7), apparently different from that of a Ca2+-dependent Cl-channel (21) . DISCUSSION In this study, we showed that pharmacologically distinct CCK-receptors are expressed in oocytes injected with pancreatic or hippocampal mRNA. They are characterized as CCKA-and CCKB-receptors, respectively, based on their pharmacological selectivity for agonists and a selective antagonist. Interestingly, CCKA-receptors expressed following injection of pancreatic mRNA may be coupled to not only activation of the phospholipase C-phosphoinositide system but also the non-selective cation channels. In contrast, CCKB-receptors are coupled only to activation of the phospholipase C-phosphoinositide system.
The functional expression of rat brain CCK-receptors in Xenopus oocytes has been intensively studied by Moriarty et al. (22, 23) . They reported that the CCKreceptors expressed in oocytes injected with rat brain mRNA are a CCKA-subtype due to less activity of CCK-4 than CCK-8. This argument is not pharmacologically adequate to make a conclusion of whether these CCKreceptors are the CCKA-or CCKB-subtype because CCK-4 is considerably less effective than CCK-8 itself, and a selective non-peptide antagonist was not used. More
